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INTRODUCTION
Many microorganisms are able to carry out the reactions of the nitrogen cycle (N-cycle) in which nitrogen is alternatively delivered to novel substrates or products converging to central metabolism. Throughout these transformations, the oxidation state of nitrogen ranges from +5 in nitrate to -3 in ammonia (Fig. 1A) . The interconversion of inorganic N-compounds is responsible for nitrogen fixation from the atmosphere and supplies N-species in the environment (Köln, Ferguson and Newton 2007) . The inorganic N-cycle is also deeply connected to the flow and turnover of N-containing organic compounds such as amino acids, involving both prokaryotes and eukaryotes (Fig. 1A) .
Several evidences show that the nutritional status of the cell and its central metabolism, including the N-cycle pathways, can control DNA replication and protein synthesis, in order to adapt to different physiological conditions and microenvironments (Henderson and Martin 2014; Reina-Campos, Moscat and Diaz-Meco 2017; Sperber and Herman 2017; Vega and Margolin 2017; Rinaldi, Rossi and Fendt 2018) . It should be mentioned that no unifying mechanistic model exists that can account for the coupling of nutritional status to central metabolism (Sperber and Herman 2017) . In bacteria and eukaryotes, proteins and enzymes of the carbohydrate and nitrogen metabolism may also behave as direct regulators of cell division, DNA replication and protein synthesis. These proteins are thus able to perform not only their primary biological role but also other functions (moonlighting roles) (Henderson and Martin 2014) . The analysis of the metabolic changes that control the cell fate in different environments provides a novel and original perspective to study complex biological processes, such as group behaviour in bacteria (Sporer et al. 2017) or tumorigenesis in higher eukaryotes .
This review describes the recent findings linking nitrogen metabolism and N-cycle pathways to the formation and dispersal of the organised bacterial communities called biofilms. We examine in depth the role of nitric oxide (NO) in controlling bacterial biofilm, given that NO-releasing compounds represent one of the most promising strategies specifically targeting biofilms (Cutruzzolà and Frankenberg-Dinkel 2016) . The human pathogen Pseudomonas aeruginosa, whose metabolic versatility in nitrogen metabolism is well characterised, will be discussed in more detail since it represents a model system for biofilm studies.
NITROGEN METABOLISM AND BIOFILM
Bacteria are not only simple single-cell organisms, but they are able to communicate and behave like a multicellular organism forming biofilms (Li and Tian 2012) . The impact of biofilms on human health is huge: more than 60% of all infections in developed countries are caused by bacterial biofilms, and they are also widespread in environmental, industrial and medical settings (Bryers 2008 ). Biofilms are difficult to eradicate since they are highly resistant to antimicrobials and to the host immune system; therefore, new therapeutic options are needed to selectively target bacteria growing in biofilms (Lindsay and von Holy 2006; Bryers 2008) .
Biofilm formation is a complex phenomenon, which requires the transition from the planktonic free-floating to a sessile way of life for individual cells and coordination of the behaviour within the bacterial community via cell-cell communication. The first step leading to biofilm development involves the attachment of planktonic cells to a surface and the development of microcolonies. In these microcolonies, bacterial cells are embedded in a self-produced extracellular matrix (ECM) consisting of a mixture of secreted proteins, polysaccharides, nucleic acids and dead cells. The formation of mature biofilm requires a profound metabolic re-organisation, which allows bacteria to behave as a 'multicellular' community. Finally, selected cells can revert their phenotype into the motile planktonic-like one and move away from the biofilm to colonise new locations. The latter process is described as biofilm dispersal and is controlled by several metabolic and environmental cues, including NO (Chambers, Cherny and Sauer 2017). Dispersed cells are more easily detected and removed and can be targeted by antimicrobial compounds.
Two major signalling systems control biofilm dynamics: the quorum sensing (QS) system (Li and Tian 2012) and the intracellular second messenger 3 ,5 -cyclic diguanylic acid (c-di-GMP) system (Romling, Galperin and Gomelsky 2013) . These signalling pathways are finely modulated by environmental conditions and cause deep metabolic changes which ultimately lead to biofilm formation.
The intracellular level of c-di-GMP is controlled by the opposite activity of two classes of enzymes, namely diguanylate cyclases (DGCs, harbouring the GGDEF domain) and phosphodiesterases (PDEs, harbouring the EAL or the HD-GYP domain). DGCs convert GTP into c-di-GMP, while PDEs hydrolyse c-di-GMP into pGpG or GMP (Romling, Galperin and Gomelsky 2013; Stelitano et al. 2013) . With some exceptions, high c-di-GMP levels are associated with biofilm formation, whereas the decrease of c-di-GMP intracellular concentration triggers biofilm dispersion (Romling, Galperin and Gomelsky 2013) (Fig. 2) . Since the molecules and biosynthetic pathways involved in c-di-GMP and QS signalling are found only in bacteria, they represent attractive targets for the development of biofilm-disrupting drugs.
As previously mentioned, QS and dinucleotide signal transduction within the biofilm display complex patterns, responding to different physical, chemical and nutritional factors; moreover, they are unevenly distributed within the biofilm ultrastructure. As an example, the production of the QS signal molecules consumes ATP, particularly in Gram-positives (184 ATP in Staphilococcus aureus vs 8 ATP in P. aeruginosa), while dinucleotide signalling depends on GTP consumption, a well-known cellular signal of biosynthetic potential (Li and Tian 2012; Antoniani et al. 2013) . It is thus reasonable to expect that different nutrients or energy sources will have different effects on biofilm homeostasis. N-containing compounds convey both inorganic and organic environmental cues. Their metabolism covers all aspects of central metabolism since they are crucial as carbon and nitrogen sources for the anabolism of amino acids, nucleotides and for cell division. Moreover, N-compounds are also essential for energy production (amino acids fermentation and inorganic nitrogen respiration) and can control carbon metabolism (Commichau, Forchhammer and Stulke 2006) .
Glutamic acid, glutamine and arginine (and its derivatives) are the most representative amino acids, being at the same time potential nitrogen, carbon and energy sources. Not only their metabolisms are inter-connected (Lu 2006) , but each of them is also linked to the inorganic N-counterpart (via ammonium in the ammonification process and nitric oxide in the arginine-mediated nitric oxide biosynthesis) (Köln, Ferguson and Newton 2007; Crane, Sudhamsu and Patel 2010; Morris 2016) (Fig. 1) . In P. aeruginosa, the most important biofilmassociated metabolic reactions include consumption of nitrite and arginine metabolism, ammonia and glutamate production together with the canonical reactions of central metabolism and iron/ROS homeostasis (Xu et al. , 2015 .
Glutamate is a key central metabolite, at the crossroad of cellular anabolism and catabolism, as well as the starting point for anaplerosis of N-containing metabolites and for nitrogen assimilation. The role of this amino acid in controlling cell division under stress conditions via (p)ppGpp signalling is well-established (Sperber and Herman 2017) , while its role in regulating biofilm is not fully elucidated. In P. aeruginosa PA14, biofilm formation is not significantly enhanced when glutamic acid is the sole carbon and energy source (Bernier et al. 2011) . In contrast, glutamate stimulates biofilm dispersion by producing matrix-degrading enzymes (Petrova and Sauer 2016) . The group of Karin Sauer showed that this amino acid controls c-di-GMP levels and triggers the dispersion phenotype through a complex signalling cascade (Roy, Petrova and Sauer 2012; Basu, Roy and Sauer 2014) . The NicD receptor, which harbours a GGDEF domain in the cytoplasmic portion, is dephosphorylated upon perceiving glutamate and its DGC activity increases. As a consequence, the receptor protein BdlA (see also below) is phosphorylated and in turn enhances the activity of the EAL-containing PDE protein DipA, overall resulting in a decreased c-di-GMP level.
In Bacillus subtilis (and several related Bacillus species), glutamic acid is necessary to build biofilm as a precursor of the secreted poly-γ -glutamic acids (γ -PGA). This polymeric substance is found in root-associated biofilms, in biofilms on solid agar media and floating pellicles at the air-liquid interface and seems to contribute to the robustness and complex morphology of the colony biofilms (Yu et al. 2016) . Metabolic analysis demonstrated that the glutamate used to synthesise the polymer might derive from inorganic N-sources (ammonium using glutamine synthetase/glutamate synthase and citrate as carbon scaffold), thus further widening the connection between nitrogen biochemistry and the N-cycle (Ren et al. 2015) . Interestingly, regulation of γ -PGA biosynthesis depends on which type of carbon catabolite accumulates, in line with the aforementioned control of biofilm development by central metabolism (Mitsunaga et al. 2016) . A glutamate/glutamine polymeric layer is also crucial to provide wall strength in virulent forms of mycobacteria; also in this case, polymer biosynthesis responds to nitrogen availability and to the central metabolism status (Tripathi, Chandra and Bhatnagar 2013) .
Glutamine represents a cornerstone metabolite able to drive metabolic reprogramming to control the dynamic transition from unicellularity to pluricellularity, both in eukaryotes, during cancer progression, and prokaryotes, in biofilm formation (Erez and Kolodkin-Gal 2017) . In bacteria, glutamine transcriptionally regulates its own biosynthesis by allosterically controlling glutamine synthetase and the DNA-binding activity of the transcription factor TnrA. Notably, a mutation in TnrA leads to a severe developmental defect in B. subtilis biofilms, which lack the almost perfectly structured morphology of the parental strain (Erez and Kolodkin-Gal 2017) . Beside the role of glutamine in shaping biofilm morphology, this metabolite is crucial to feed the TCA cycle and is required for nucleotide and protein biosynthesis. Therefore, an emerging idea is to test glutamine analogues, found to be effective as anti-tumour agents, as antibiofilm compounds (Erez and Kolodkin-Gal 2017) .
The third amino acid connected to the N-cycle and able to affect central metabolism and biofilm is arginine together with its derivatives polyamines (Wang et al. 2016; Sobe et al. 2017; Wotanis et al. 2017) . In P. aeruginosa, arginine is at the crossroads of a complex metabolic network that enables this bacterium to use it as a source of carbon, energy and nitrogen. Several enzymes, including arginine decarboxylase, dehydrogenase and succinyl-transferase (aerobic conditions) use arginine as a substrate (Fig. 1B) . This amino acid is also catabolised by arginine deiminase (ADI) which produces ATP under low oxygen tension and is inducible by exogenous L-arginine (Lu, Yang and Li 2004) (Fig. 1B) .
Environmental arginine in P. aeruginosa biofilms is associated to chronic infections, virulence and antibiotic resistance (Schreiber et al. 2006; Son et al. 2007; Barbier et al. 2014; Peng et al. 2017) . Arginine fermentation (i.e. the ADI pathway) allows P. aeruginosa to survive under anaerobic conditions as an alternative to respiration of nitrates and nitrites (denitrification) and is activated via the ANR transcription factor (Kuroki et al. 2014) . In addition to anaerobiosis and ANR, arginine fermentation is enhanced by environmental arginine via the transcriptional regulator ArgR, controlling both arginine and glutamate metabolism (Lu et al. 1999; Lu, Yang and Li 2004) . ATP production from arginine depends on the redox cycling of phenazines, which shuttle electrons between environment and the bacterial cell (Glasser, Kern and Newman 2014) . Accordingly, extracellular arginine regulates phenazines biosynthesis ), which in turn contributes to the development of organised biofilm through the second messenger c-di-GMP (Okegbe et al. 2017) . Indeed, sensory systems for arginine able to modulate c-di-GMP levels have been proposed but not yet described in detail (Mills et al. 2015; Romling 2015; Ramos-Gonzalez et al. 2016) . In Vibrio cholerae, the DGC CdgH responds to arginine through its periplasmic domain and likely regulates the intracellular levels of c-di-GMP via the cytoplasmic DGC domain , thus supporting the idea that arginine sensing could be directly linked to c-di-GMP (Williams et al. 2010; Hobley et al. 2017) .
As mentioned above, other pathways involving inorganic nitrogen within the N-cycle (Fig. 1A) are able to affect biofilm formation. Such metabolic versatility is used beneficially in water treatment plants and in water stream-based biological resource recovery in biofilm-based reactors. Indeed, novel metabolic pathways, such as anaerobic ammonium oxidation (anammox) or complete ammonium oxidation (comammox) were first discovered in biofilm reactors (Boltz et al. 2017) . The establishment of these pathways correlates with c-di-GMP accumulation and production of ECM but the molecular details are still unknown (Guo et al. 2017a,b; Wang et al. 2017a) .
Nitrogen fixation is also linked to the biofilm lifestyle. In particular, rhizobacteria are able to encapsulate themselves in a self-produced extracellular biofilm matrix, thus enabling nitrogen fixation also in a natural aerobic environment and widening their colonisation potential (Wang et al. 2017b) . In this case, the direct involvement of c-di-GMP is still uncertain. Genomic analysis of cyclic-di-GMP-related genes in rhizobia shows the presence of GGDEF, EAL and HD-GYP-containing genes. Nevertheless, preliminary functional analysis on two hybrid GGDEF-EAL proteins from Rhizobium etli seems to exclude their effect on plant root colonisation, nitrogen fixation capacity, biofilm formation, motility and exopolysaccharide production (Gao et al. 2014) . On the other hand, mutation of the Anabaena all2874 gene that encodes a functional DGC resulted in decreased heterocyst differentiation and reduced vegetative cell size under relatively high light intensity. This protein is homologous to the phytochrome-like protein Cph2 in Synechocystis, which harbours three GAF domains, likely involved in sensing light, together with two DGC and one PDE domains. Given that the intracellular level of c-di-GMP is regulated by light in some cyanobacteria in vivo, the authors propose that light is an important first messenger able to regulate this second messenger in cyanobacteria (Agostoni and Montgomery 2014) .
Further biochemical studies are required to fully understand how the above-mentioned pathways are able to control c-di-GMP levels and modulate biofilm formation in response to environmental cues related to the N-cycle. In comparison, far more is known concerning the biochemical connection between the metabolism of the oxides of nitrogen (N-oxides) and biofilm via c-di-GMP and QS metabolism that will be discussed in the next section.
N-OXIDES AND BIOFILM METABOLISM
The role of N-oxides in modulating biofilm formation and architecture is now widely recognised. N-oxides may originate from the endogenous metabolism of the various bacterial species or from exogenous sources, such as the NO released by chemical compounds (NO donors) or the NO derived from other biological sources, as the immune cells involved in the host response, in the case of human pathogens.
The preferential endogenous route for the metabolism of N-oxides in bacteria is the metabolic pathway of denitrification, i.e. the anaerobic and microaerobic respiration of nitrates and nitrites, which produces N 2 O, NO and molecular nitrogen. The metabolic shift from aerobic respiration of oxygen to microaerobic respiration of nitrates/nitrites is induced both by the depletion of oxygen in the growth environment and by the availability of these alternative terminal electron acceptors. The complete denitrification pathway requires the action of four key enzymes, namely nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR) and nitrous oxide reductase (N 2 OR), acting sequentially to reduce nitrate to molecular nitrogen (Zumft 1997; Rinaldo, Giardina and Cutruzzolà 2017) (Fig. 1A) . A wide range of microorganisms uses this pathway to produce energy, including species present in soil and water and important human pathogens such as P. aeruginosa. The gaseous species produced along the pathway (N 2 O and NO) can be released when denitrification is fully active. Interestingly, while no direct effect of N 2 O on biofilm architecture has been reported so far, the effect of denitrification-derived NO has been studied in more detail, in particular in the human pathogen P. aeruginosa. In the latter bacterium, under aerobic conditions nitrate metabolism controls swarming motility and affects the structure of biofilm. A central role in these events was ascribed to the reduction of nitrite catalysed by NIR (Van Alst et al. 2007 ; de la FuenteNunez et al. 2013 ). The activity of P. aeruginosa NIR and the production of NO are also required for biofilm dispersal under aerobic conditions (Barraud et al. 2006 (Barraud et al. , 2009a Van Alst et al. 2007) . NO can increase motility directly by acting on flagella, pili and/or rhamnolipid production or indirectly by stimulating NIR expression to produce more NO or to facilitate flagella assembly (Fig. 3) . Under these conditions, NO controls the expression or activity of proteins related to motility, such as those encoded by pilA and rhlAB (Barraud et al. 2009a; de la Fuente-Nunez et al. 2013) and also the expression of the nir gene itself, possibly via the NO-sensitive transcriptional regulator DNR (Giardina et al. 2008 Castiglione et al. 2009; Rinaldo et al. 2012) .
Interestingly, recent studies highlighted that P. aeruginosa NIR is also able to control flagella production and swimming motility under anaerobic conditions. This activity is apparently independent from the enzyme's ability to produce NO and requires the formation of a supercomplex with the chaperone DnaK and the flagellar protein FliC in the bacterial periplasm (Borrero-de Acuna et al. 2015 Acuna et al. , 2017 ). An intriguing possibility suggested by these studies is that NIR may promote motility in different ways, depending on oxygen availability, either by producing NO to activate signalling pathways (see below) or increasing rhamnolipids synthesis, as well as by directly controlling flagella formation by protein-protein interactions.
The final effect of endogenously produced NO seems to vary according to the range of its intracellular concentration. As previously mentioned, low doses of NO (most often below 1 μM) enhance biofilm dispersal. On the other hand, under anaerobic conditions, NIR-derived NO accumulation in P. aeruginosa may ultimately favour biofilm formation by forming cohesive clumps of elongated cells (Yoon et al. 2011; Hamada et al. 2014) . A recent report on the effect of endogenously generated NO in the soil bacterium Paracoccus denitrificans highlights that also in this species NO is able to stimulate biofilm formation by promoting attached growth (Kumar and Spiro 2017) . Another interesting link between denitrification and biofilm modulation in P. aeruginosa involves the cell-cell communication signalling systems collectively known as QS systems. P. aeruginosa possesses at least three different QS systems: two N-acyl-Lhomoserine lactone (AHL) signals, the LasR-LasI (las) and RhlRRhlI (rhl) systems (Pesci et al. 1997) , and a third one, 2-heptyl-3-hydroxy-4-quinolone (PQS) (Pesci et al. 1999) . The denitrification pathway and the nir operon are regulated by both the AHL and PQS systems, thus suggesting a route to affect biofilms both aerobically and anaerobically (Yoon et al. 2002; Wagner, Gillis and Iglewski 2004; Barraud et al. 2006; Toyofuku et al. 2007 Toyofuku et al. , 2008 . Interestingly, PQS addition to the growth medium specifically promotes NO accumulation (Toyofuku et al. 2008 ) and may thus affect biofilm dispersal (Barraud et al. 2006) .
It is well known that also non-denitrifiers are able to reduce nitrite to NO anaerobically, likely using flavohemoglobin (Hmp) and/or the periplasmic cytochrome c nitrite reductase (Nrf), as shown for the Gram-negative Escherichia coli and Salmonella (Corker and Poole 2003; Gilberthorpe and Poole 2008) . In Grampositive bacteria, NO is also produced by the bacterial nitric oxide synthases (bNOS), which catalyse the oxidation of the amino acid L-arginine in the presence of oxygen (Crane, Sudhamsu and Patel 2010) . The NO produced by bNOS is known to modulate several aspects of bacterial physiology, including protection from oxidative stress and antimicrobials (Gusarov and Nudler 2005; Gusarov et al. 2009 ), but its role in biofilm appears controversial. The bNOS-derived NO was shown to inhibit biofilm dispersal of B. subtilis 3610 (Schreiber et al. 2011) , but it is able to increase motility and decrease biofilm formation when B. subtilis bNOS is heterologously expressed in P. putida (Liu, Huang and Chen 2012b) , suggesting that the same signal (NO) is able to elicit different phenotypic responses depending on the intracellular receptors and signal transduction pathways (Schreiber et al. 2011) .
A common trait of NO-mediated effects on biofilm dispersal and formation is the involvement of c-di-GMP signalling pathways. The NO-induced dispersal is achieved by decreasing the intracellular level of c-di-GMP, after activation of the c-di-GMP PDEs or inhibition of DGCs responsible for the turnover of this dinucleotide. On the other hand, biofilm formation is often linked to an increase in c-di-GMP levels (Fig. 2) . Some relevant examples of these NO-responsive pathways are described below (see also Fig. 3 for a summary) .
The P. aeruginosa chemotaxis transducer protein BdlA (biofilm dispersion locus A) was the first protein to be identified as a putative transducer of the NO signal (Morgan et al. 2006) . This multidomain protein consists of two Per Arnt Sim (PAS)-domains, putatively involved in binding a heme cofactor, followed by a C-terminal TarH domain, related to methyl-accepting chemotaxis receptors (Petrova and Sauer 2012b) . Strains lacking bdlA are impaired in dispersal of P. aeruginosa biofilms in response to NO (Morgan et al. 2006; Barraud et al. 2009a) . Although BdlA lacks domains directly responsible for modulating c-di-GMP levels, a multiprotein complex composed of BdlA, together with the DGC NicD and the PDE DipA, was shown to decrease the cellular c-di-GMP pool, either directly or by recruiting a second PDE protein, named RbdA (Roy, Petrova and Sauer 2012; Sauer 2012a, 2012b; Petrova et al. 2015) .
A second group of bacterial proteins able to transduce the NO signal into the modulation of c-di-GMP levels contain the heme-based sensor domain H-NOX (heme-nitric oxide/oxygen). The H-NOX domain is found in a large family of hemoproteins, including mammalian soluble guanylate cyclase, which sense diatomic gases (Pellicena et al. 2004; Boon et al. 2006) . H-NOX domains display nanomolar to picomolar affinities for NO (Plate and Marletta 2013) and in many bacteria they act as NO sensors able to regulate biofilm formation by modulating the intracellular level of c-di-GMP (Williams et al. 2017) .
The H-NOX domains are found in several bacterial species together with c-di-GMP metabolising enzymes, such as DGCs (GGDEF domains) and PDEs (EAL domains). These proteins are named HaCEs for H-NOX-associated c-di-GMP processing enzymes. In Legionella pneumophila NO binding to the Hnox1 protein directly inhibits the DGC activity and thus biofilm formation (Carlson, Vance and Marletta 2010) . The HaCE system present in Shewanella woodyi comprises the SwH-NOX and Sw-GGDEF-EAL domains. Here, NO binds to SwH-NOX and decrease the c-di-GMP levels by downregulating the cyclase and upregulating the PDE activity of the partner domains (Liu et al. 2012a; Lahiri et al. 2014) . In other genomes, the H-NOX domain is part of a two-component system, which includes an associated histidine kinase (referred to as HahK) or a hybrid kinase, containing the receiver domain in the same polypeptide (Williams et al. 2017) . These two-component systems have been related to NO-dependent biofilm control in different species Marletta 2012, 2013; Henares, Xu and Boon 2013; Rao, Smith and Marletta 2015) . In general, NO binding events in bacterial H-NOX domains cause conformational changes, which specifically regulate partner enzymes such as HaCEs or control the activity of a dedicated histidine kinase (HahK), ultimately resulting in changes of c-di-GMP levels within the cell.
A recent report on the activity and effects of NO binding to H-NOX proteins highlighted the complexity of the bacterial response to this gaseous molecule. Spiro and coworkers (Kumar and Spiro 2017) have shown that NO binding to the P. denitrificans H-NOX protein results in a hyperbiofilm phenotype. The authors propose that this effect is due to the inhibition of the DGC DgcA, affecting c-di-GMP levels, which in turn regulate BapA, a protein involved in the adhesion and cell-cell or cell-surface interactions, finally increasing biofilm formation.
Several bacteria, including P. aeruginosa, lack H-NOX proteins, but are still able to respond to NO, suggesting that other direct receptors of the NO-driven biofilm modulation must exist (Barraud et al. 2006 (Barraud et al. , 2009a Li et al. 2013) . Interestingly, in P. aeruginosa, the decrease of c-di-GMP observed in response to NO has been directly linked to only one PDE, named NbdA (Li et al. 2013) , containing a transmembrane MHYT-domain that was proposed to sense diatomic gases like oxygen, carbon monoxide or NO through protein-bound copper ions (Galperin, Nikolskaya and Koonin 2001) . In addition to the MHYT domain, NbdA contains cytoplasmic GGDEF and EAL domains and biochemical studies revealed that the protein has PDE activity, enhanced by GTP bound to the degenerated GGDEF domain. Pseudomonas aeruginosa strains devoid of NbdA yield biofilms impaired in the dispersal response to NO but not glutamate (Li et al. 2013) . In NO-dispersed biofilms, nbdA mRNA levels are increased suggesting that transcriptional regulation of this gene is also taking place (Li et al. 2013) . Up to now, direct evidence that the MHYTdomain has itself a NO-sensory function is not available, nor it is known if an NO-responsive transcriptional regulator is involved in this process.
Boon and co-workers recently identified the NosP proteins (nitric oxide sensing proteins), an additional family of putative NO-sensor proteins controlling c-di-GMP levels Hossain, Nisbett and Boon 2017) . These proteins are widely distributed among bacterial genomes and often found in operons containing c-di-GMP synthesis/degradation enzymes or associated to histidine kinases Hossain, Nisbett and Boon 2017) . Pseudomonas aeruginosa NosP was shown to bind heme and ligate NO with a slow dissociation rate, in the range observed for other NO sensors . NO-bound NosP is able to control in vitro the phosphorelay activity of the cocistronic hybrid histidine kinase NahK. Therefore, NosP can in principle act as a NO sensor able to affect the dispersal of biofilm in P. aeruginosa, although several aspects of its function are to date unknown and will require further clarification. In particular, it is yet to be discovered if NosP controls the phosphorelay activity by inhibition of the kinase or stimulation of the phosphatase NahK activity. Although in P. aeruginosa the downstream signalling cascade which results in a decreased c-di-GMP level and biofilm dispersal has not been identified so far, the NosP proteins from other bacterial species have been suggested to affect the activity of enzymes related to c-di-GMP metabolism, such as NarR in L. pneumophila, or the HnoB, HnoC and HnoD in S. oneidensis or control QS in V. cholerae .
CONCLUSIONS AND OUTLOOK
As described in this minireview, nitrogen-containing amino acids and N-oxides, including NO, are able to influence the homeostasis of the bacterial communities called biofilms, a widespread form of bacterial life, where social cooperation, resource uptake and enhanced resistance to antimicrobials drive the behaviour of the community.
N-compounds control biofilm dynamics by activating a complex network of signal transduction pathways, ultimately controlling bacterial motility and attachment properties by regulating the level of the second messenger c-di-GMP. Only a few receptors have been characterised so far and more studies will be required to gain a general understanding.
Recent evidences highlight that the tight interplay between N-oxides metabolism and motility of bacterial cells seems to extend beyond the sole NO synthesis and activation of downstream signalling pathways. The moonlighting role of NIR in controlling motility by protein-protein interaction with flagellar proteins may suggest that this could be a recently acquired function of this important enzyme in the transition from the pre-aerobic to the aerobic environment.
As summarised above, many examples of amino acids and NO-controlled routes of biofilm regulation are being discovered. However, most studies are focused on single-species biofilms and on few well-known bacterial species. It would be highly desirable to gain a deeper insight on the role of these compounds in shaping the composition, structure and dynamics of multispecies communities in a given environmental niche or in the dynamics of biofilm formation in multicellular environment such as the host-pathogen environment.
Last but not least, since the biofilm dispersal properties of NO and NO-donors are attracting a great deal of attention for their potential antimicrobial applications against human pathogens (Barraud et al. 2009b (Barraud et al. , 2015 Howlin et al. 2017; Smith et al. 2017) , it is predicted that many more pathways and applications will be discovered in the next future.
